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Evidence of collective charge transport in the Ohmic regime of o-TaS3 in the charge
density wave state by a photoconduction study
S.V. Zaitsev-Zotov and V.E. Minakova
Institute of Radioengineering and Electronics of RAS, 125009 Mokhovaya 11, Moscow, Russia
Using photoconduction study we demonstrate that the low-temperature Ohmic conduction of o-
TaS3 is not provided by band motion or hopping of single-particle excitations – electrons and holes
excited over the Peierls gap. Instead, the low-temperature Ohmic conduction is mostly provided by
collective excitations having the activation energy much less than the Peierls gap value and shunting
the contribution of electrons and holes responsible for photoconduction.
A charge-density wave (CDW) developing below the
Peierls transition temperature in a wide class of solids
with a chain-like structure and nearly one-dimensional
electron spectrum determines many unusual properties
of these materials [1]. Sliding of the CDW along a crystal
provides a collective contribution into conduction. Inter-
action of the CDW with impurities leads to pinning. As
a result, the CDW contribution appears in the electric
field, E, exceeding a threshold value ET . At E / ET the
collective contribution of the CDW into charge transport
occurs through thermally activated creeping. Conduc-
tion of the Peierls conductors at E ≪ ET is determined
by single-electron excitations (electrons and holes) ther-
mally excited over the Peierls gap. Such a point of view
can be found in many papers describing properties of the
Peierls conductors. It will be shown below, that at least
in o-TaS3 at temperatures below 100 K the dominant
contribution into the linear conduction is not provided
by single-particle mechanisms.
Orthorhombic o-TaS3 is a typical quasi-one-
dimensional conductor. A temperature dependence
of the linear conductivity in this material below the
Peierls transition temperature TP = 220 K obeys the
activation law with an activation energy ∆ = 850 K. At
T / TP /2 the linear conductivity begins to deviate from
the activation law, and the activation energy is getting
smaller [2]. Similar deviation is observed in many CDW
materials, such as blue bronzes, (TaSe4)2I etc. [1], and in
spin-density wave (SDW) conductors [3]. Since the first
publication on transport properties of o-TaS3 [2] this
deviation from the activation law is often attributed to
contribution of collective excitations (phase or amplitude
solitons), whereas no experimental evidence has been
provided so far that it is not due to single-particle exci-
tations moving in a spatially-nonuniform potential relief
caused by pinned CDW or hopping via impurity levels.
Temperature dependence of transverse conduction [2] is
often considered as an argument in favor of this point
of view: it follows the activation law even at T < TP /2.
Recent measurements [4] demonstrate, however, that
the transverse conduction, including the earlier results,
is better described by the variable-range hopping mech-
anisms, so this argument is not a straightforward one.
Numerous experimental attempts to detect solitons by
optical methods [5] do not provide a convincing evidence
of their existence in o-TaS3.
Photoconduction (illumination-induced change of the
linear conduction) was observed recently in thin crystals
of o-TaS3 [6]. This phenomenon gives us a tool to inves-
tigate the nature of low-temperature linear conduction
in o-TaS3. By using this tool we demonstrate here that
at low temperatures the photoconduction and conduc-
tion of o-TaS3 are provided by different physical mecha-
nisms. Namely, photoconduction is mostly provided by
nonequilibrium electrons and holes optically excited over
the Peierls gap, whereas the low-temperature conduction
is not of a single-particle origin and is presumably related
to collective excitations of the CDW, i.e. to solitons.
Photoconduction was studied in relatively thin crystals
of o-TaS3 with a unit length resistance value R300/L =
(0.02−1.3) kΩ/µm corresponding to the cross-section ar-
eas 2 × 10−3 − 2 × 10−2 µm2. The physical properties
of such crystals are still very close to those of bulk ones
[7, 8]. At the same time, as their transverse sizes are
comparable or even smaller the light-penetration depth
(0.1−1 µm [9]), so photoexcitation of electrons and holes
over the Peierls gap is almost spatially uniform across
the sample cross-section. Current terminals to the crys-
tals were made by indium cold soldering. All measure-
ments were performed in two-terminal configuration in
the voltage-controlled regime at E ≤ 0.2ET . IR LED
with 1.16 eV photon energy above the optical value of
the Peierls gap of o-TaS3 (250 meV [10]) was used for
illumination.
Earlier measurements of intensity dependent photo-
conduction δG done with the steady light illumination
[6] gave a very complex picture of the phenomenon.
δG(W,T ) dependence, where δG(W,T ) ≡ G(W,T ) −
G(0, T ), and W is the light intensity, was found to be
very nonlinear function of W with temperature depen-
dent parameters. Photoconduction kinetics study results
reported here provide more simple picture and give us a
clue for explanation of many features of photoconduction
and transport properties of o-TaS3.
Fig. 1 shows typical time evolution curves of photo-
conduction of o-TaS3. Photoresponse at T & 40 K is rel-
atively slow with intensity-dependent relaxation time of
millisecond region. No fast contribution with expected
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FIG. 1: Photoresponse of o-TaS3 sample to a meander light
pulse sequence (light is on at t = 0 and off at t = 1 s) at
different light intensities. T = 40 K, V = 200 mV. Sample
parameters: L = 0.4 mm, R300K = 7 kΩ. Inset shows the
shape of the pulse δI(t)/δI(1s) = [I(t)− I(0)]/[I(1s) − I(0)]
at W = 10, 1, 0.1 and 0.01 mW/cm2.
picosecond relaxation time [11] is observed. Inset in
Fig. 1 shows the same curves normalized to their am-
plitudes. The shape of the curves depends on the light
intensity and relaxation is getting faster for more inten-
sive light. The photocurrent is a nonlinear function of
the light intensity: e.g. growth of W from 0.1 to 0.3
mW/cm2 results in approximately the same increase of
I as growth of W from 0.3 to 1 mW/cm2 (Fig. 1).
The intensity range where slow response is observed
is shifted to smaller light intensities upon cooling, and
the response at a fixed light intensity is getting faster.
Finally, at sufficiently low temperatures the photocon-
duction relaxation time is much faster than the time
constant of our amplifier (0.3 ms) and the shape of the
response does not look intensity dependent (Fig. 2). De-
tailed study of temperature evolution of photoconduction
kinetics proves that the fast low-temperature response
can be considered as the limiting case of very high light
intensity.
The amplitude of photoconduction measured by the
light modulation method is found to be a nonlinear func-
tion of the light intensity (Fig. 3). At T . 50 K it can be
approximated as δG ∝
√
(W ), in contrast to δG ∝ Wα
with temperature dependent α (0.2 / α / 1) for steady
light illumination [6]. This law corresponds to so-called
quadratic recombination which is intrinsic for semicon-
ductors in the high-intensity limit δG ≫ G [14, 15].
In semiconductors the low-intensity limit (δG ≪ G) is
characterized by the linear relation δG ∝ W , and the
crossover between the linear and quadratic recombina-
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FIG. 2: Photoresponse of o-TaS3 sample to a meander light
pulse sequence (light is on at t = 0 and off at t = 1 s) at
different light intensities. Sample parameters: L = 0.4 mm,
R300K = 7 kΩ. T = 20 K, V = 2 V.
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FIG. 3: An amplitude of photoresponse of o-TaS3 sample
to a meander light pulse sequence (light pulse duration 1 s,
a period 2 s) vs. light intensity at different temperatures.
The dashed line shows the slope of δI ∝ W 1/2 expected for
the quadratic recombination mechanism. Sample parameters:
L = 0.4 mm, R300K = 7 kΩ.
tion occurs at δG ∼ G. Therefore, to determine the
carriers responsible for photoconduction in o-TaS3, it is
worth to search for the linear recombination region at
much lower intensities.
Fig. 4 shows temperature dependence of the linear
conductance of o-TaS3 together with AC photoconduc-
tance δG measured by the standard light modulation
3technique in the temperature range 20 ≤ T ≤ 300 K.
G(T ) curve is usual for this material. It consists of the
high-temperature metallic part, the Peierls transition at
210 K (shifted due to the finite-size effect [7]), activation
region with the activation energy 850 K corresponding to
the half of the high-temperature value of the Peierls gap
2∆, and the low-temperature region with the activation
energy about 400 K.
To find the level of linear conduction for current car-
riers responsible for photoconduction we have to analyze
δG(T ) curves more accurately. Inset in Fig. 4 shows the
same set of δG(T ) curves normalized to the light inten-
sity values. At T ≥ 60 K all δG(T )/W curves collapse
into a single curve which can be fitted by the activation
law δG(T )/W ∝ exp(Ea/kT ) with the activation energy
Ea = (1250± 50) K. The temperature of deviation from
this activation law decreases with decrease of W . Simi-
larly, normalization by
√
W collapses δG(T )/
√
W curves
in the low-temperature region below 40 , in agreement
with Fig. 3. Thus, the maxima of δG(T,W ) dependences
separate linear and nonlinear recombination regimes.
The concentration of electrons in semiconductors with
quadratic recombination obeys the equation [14, 15]
dn
dt
=
kβW
~ω
−R(np− n0p0), (1)
where k is the quantum efficiency of photogeneration, β
is the absorption coefficient, n0 and p0, n and p are re-
spectively the electron and hole concentrations in and
out of equilibrium, R is a recombination coefficient and
W is a light intensity. The equation for hole concentra-
tion is similar. Let us assume for simplicity that n0 = p0,
δn = δp, where δn = n− n0, δp = p− p0. In the station-
ary state dn/dt = 0. We are looking for δn/W values
for two cases: i) when δn = n0, and ii) when W → 0.
From equation 1 one gets: i) δn/W = kβ/3~ωn0R and
ii) δn/W = kβ/2~ωn0R. So the ratio δn/W at δn = n0
is 1.5 times smaller than its value at W → 0.
In nonstationary case the signal amplitude depends
also on the modulation frequency f . The conduction
does not reach its stationary value when the light is on
and does not relax to its equilibrium value when the
light is off (see, e.g. Fig. 1 at W ≤ 0.1 mW/cm2).
The measured AC conduction modulation is therefore
only a fraction of photoconduction of the stationary
case. For data presented in Fig. 4 (f = 4.5 Hz) the
crossover to nonstationary case takes place around 60 K,
so τ(60 K) ∼ 1/2f ≃ 0.1 s. At T < 60 K f & 1/2τ ,
i.e. photoconduction measured at small light intensities
is nonstationary.
Open circles and triangles in the inset in Fig. 4 mark
δG/W level which is 1.5 times smaller than the activation
one for stationary (circles) and nonstationary (triangles)
photoconduction. As it was argued above, in the sta-
tionary case the photoconduction δG at these points is
equal to the linear conduction G0 of photoconduction-
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FIG. 4: Temperature variation of the linear conductance of
o-TaS3 in the dark (upper curve). Set of curves shows temper-
ature dependencies of AC photoconduction measured at light
intensities (from top to bottom) 10, 4, 1.8, 1, 0.5, 0.28, 0.077,
0.038, 0.02, 0.0082, 0.005, 0.0024, 0.0014, 0.00062, 0.00031,
and 0.00019 mW/cm2. The lines corresponds to the acti-
vation law with the activation energies Ea = 1250 K and
E∗a = −1250 K. Inset shows the same set of δG curves nor-
malized by the light intensities. The solid line results from
collapse of the activation dependences with Ea = 1250 K
shown by lines in Fig. 4. Sample parameters: L = 0.7 mm,
R300K = 95 kΩ. f = 4.5 Hz. See text for details.
providing current carriers. Corresponding values of G0
are also shown in Fig. 4 by the same markers. The high-
temperature part of the curve (circles, T ≥ 60 K) follows
the activation dependence G0(T ) ∝ exp(E∗a/kT ) with the
activation energy E∗a ≈ −Ea, and is much steeper in the
nonstationary case (triangles).
The relaxation time can be found from the amplitude
of photoconduction in the stationary state (we assume
for simplicity that 1/β is much smaller than our sample
thickness [9])
τ =
δn~ω
kβW
. (2)
As k and β are not expected to be temperature depen-
dent, so in the linear relaxation regime δG(T )/W ∝ τ(T )
(inset in Fig. 4) [16]. The characteristic time, τα, of the
main dielectric relaxation process (α-process) fitted in
Ref. [17] by the Vogel-Fulche law, at 60 ≤ T ≤ 100 K
has the same temperature dependence as τ(T ) observed
here. τα(T ) was attributed to the temperature varia-
tion of quasiparticle concentration [17]. Similarly, τ(T )
also follows quasiparticle concentration (see below). It
is very likely, therefore, that these relaxations represent
two sides of the same process of electron redistribution.
Recent interlayer tunneling experiments [18] revealed
step-like temperature dependence of the tunneling gap in
o-TaS3 indicating appearance of a new low-temperature
4phase below 100 K, presumably corresponding to the
commensurate CDW [18]. This phase has a bigger value
of the gap, 2∆∗ ≈ 2300 K, than the high-temperature
phase (2∆ = 1700 K), ∆∗ being very close to both Ea and
−E∗a . In its turn, the interband radiative recombination
lifetime τr (the process responsible for quadratic recombi-
nation) of semiconductors depends on the Fermi level po-
sition. In pure semiconductors τr ∝ exp(EG/2T ), where
EG is a semiconductor energy gap [14, 15]. In doped
semiconductors τr is much smaller and has much weaker
temperature dependence [14, 15]. In o-TaS3 (Eg = 2∆
∗)
Ea ≈ Eg/2 . Thus, photoconduction in o-TaS3 is pro-
vided by electrons and holes excited over the Peierls gap,
and the Fermi energy is in the middle of the Peierls gap.
The origin of the low-temperature linear conduction
with the activation energy much smaller the Peierls gap
value is an adjacent question of interest. In principle,
an additional conduction channel provided by hopping
may shunt conduction of electrons and holes thermally
excited over the Peierls gap. Hopping by impurity lev-
els requires the Fermi level at impurity level [19], i.e.
about 400 K far from the Peierls gap edge, in contra-
diction with our conclusion about its middle-gap posi-
tion. The variable-range-hopping mechanism implies a
nonzero density of states near the Fermi level (non-zero
for Mott-type conduction, and with a dip at the Fermi
level for Efros-Shklovskii conduction [19]). No middle-
gap features are observed in the tunneling study [18].
Hence, the low-temperature linear conduction of o-TaS3
is not provided by electrons and holes and is, therefore, of
collective origin. This collective contribution dominates
in the low-temperature linear conductivity and shunts
the contribution of electrons and holes excited over the
Peierls gap.
The possibility to distinguish between contributions
of single-particle and collective excitations of the CDW
(solitons) to the linear conduction is the most interesting
result of the present study. We would like to note that
photoexcitation of nonequilibrium electrons and holes
may also change the soliton concentration and provide
thereby a collective contribution into photoconduction
which can be considered as a “collective photoconduc-
tion” [20]. Interrelationship between the collective and
single-particle photoexcitations is still an open question.
As it was mentioned above, the low-temperature de-
viation of G(T ) from the activation law is a feature of
many CDW and SDW materials. The method described
here may help to clarify of the origin of this deviation in
these materials, including, for example, the blue bronze
K0.3MoO3 where photoinduced changes of nonlinear con-
duction and CDW creep rate are observed [20, 21].
In conclusion, it is shown that photoconduction in
quasi-one-dimensional conductors can be used as a probe
of single-particle conduction. Our results demonstrate
the presence of low-temperature collective conduction
shunting single-particle conduction in o-TaS3.
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